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SATELLITE COMMUNICATIONS SYSTEM USING 
MULTIPLE EARTH STATIONS 

BACKGROUND OF THE INVENTION 

[0001] The invention relates to satellite communications 
systems, and more particularly, to such systems for com 
municating betWeen mobile subscribers and at least tWo 
ground stations connected to a communications netWork 
such as the Public SWitched Telephone NetWork (PSTN) or 
the Internet. 

[0002] It is knoWn to communicate betWeen a plurality of 
mobile terminals and a central ground station via an orbiting 
relay satellite using multiple transmission and reception 
beams betWeen the satellite and the mobile terminals, While 
locating the processing for controlling the multiple beams, 
knoWn as an adaptive beamformer, at the central station 
rather than on board the satellite. A considerable reduction 
in complexity of the orbiting satellite results When practicing 
this art. The technique relies upon communication of mul 
tiple signals betWeen the central ground station and the 
satellite in such a Way that their relative phase and ampli 
tude, i.e. coherency, is preserved. One coherent transmission 
scheme is to sample each of the multiple signals at or above 
the Nyquist rate and then to form a-high speed time 
multiplex of the sampled signals. KnoWn signals may be 
included in the time-multiplexed stream for facilitating time 
and frequency synchroniZation at the satellite. 

[0003] The reverse link from satellite to central station 
also preferably uses a high speed time-multiplex of signals 
received at the satellite by different elements of a multi 
element antenna to preserve relative coherency, thus permit 
ting ground-based beamforming for reception as Well as 
transmission. Relative coherency is preserved by time mul 
tiplexing through the use of a ?rst time multiplexer for 
time-multiplexing the real (Inphase or I) parts of a sampled 
complex signal Waveform and a second time-multiplexer, 
synchroniZed With the ?rst time-multiplexer, for time-mul 
tiplexing the corresponding imaginary (Quadrature or Q) 
parts of the sampled complex signal Waveform, Which 
technique Will be referred to as quadrature time division 
multiplexing. 

[0004] May?eld et al., in US. Pat. No. 5,903,549 entitled 
“Ground based beamforming utiliZing synchroniZed code 
division multiplexing” teaches using CDMA feeder link 
transmission to maintain the desired coherency betWeen 
antenna array element signals, and the ’549 patent is incor 
porated by reference herein. 

[0005] In prior art systems, a single central station (ground 
station) relays signals through one or more satellites, thereby 
providing service to a number of mobile terminals. HoW 
ever, using a single ground station is not optimal in certain 
communication systems. Because one or more satellites 

provide coverage over a signi?cant geographic area, a single 
ground station may be geographically distant from the end 
destination of a mobile terminals user’s call. Thus, the 
routing of the call from the ground station to the end 
destination may be subject to long-distance charges. Mul 
tiple ground stations arranged With suf?cient geographic 
separation minimiZes the maximum toll charges required to 
complete a given mobile terminal user’s call. 

[0006] A further disadvantage arises from frequency re 
use limitations inherent in single-ground station systems. 
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Multiple ground stations that are suf?ciently separated geo 
graphically may reuse the same frequency spectrum to 
communicate With the one or more satellites. This is possible 
because the satellites can easily distinguish betWeen mul 
tiple signals in the same frequency spectrum provided there 
is adequate spatial diversity betWeen the originating signal 
sources. 

[0007] HoWever, there remains a need for a communica 
tions system in Which multiple ground stations advanta 
geously arranged in a given geographic region and each 
employing beamforming techniques can cooperatively relay 
signals through one or more supporting satellites to a 
plurality of mobile terminal users. 

SUMMARY OF THE INVENTION 

[0008] The present invention meets this and other needs 
by providing methods and apparatus for enabling such a 
communications system. A communications satellite system 
according to the present invention uses one or more satellites 
to relay information betWeen a large number of mobile 
terminals distributed over one or more service regions and a 
smaller number of ground stations connected to the PSTN or 
Internet. Beamforming techniques are used such that each 
satellite transmits a plurality of transmission beams, thereby 
increasing the number of users supported by each satellite. 

[0009] The present invention provides both methods and 
apparatus that permit multiple ground stations to coopera 
tively relay signals through individual satellites in a manner 
complementary to the ground-based beamforming tech 
niques used. In a ?rst embodiment of the present invention, 
different ground stations have control over all the bandWidth 
in a subset of the transmission beams. In a second embodi 
ment, different ground stations have control over a different 
portion of the bandWidth but are alloWed to use that portion 
of the bandWidth in any transmission direction. In a third 
embodiment, all ground stations have control over all band 
Width in any transmission direction, but act to avoid inter 
ference by not using the same bandWidth in overlapping 
beams or neighboring directions. 

[0010] Digital beamforming provides a Way to combine 
and process a plurality of signals for output to a multi 
element antenna array in a manner that results in the antenna 
array outputting one or more directional beams. Both the 
direction and signal content for each individual beam may 
be controlled simply through altering the linear combination 
of the plurality of signals input to the beamforming appa 
ratus. The input signals to the digital beamformer each 
comprise a stream of complex values and the beamformer 
combines these input signal streams by performing a series 
of matrix operations that results in each antenna element 
radiating a signal representative of a potentially different 
vector combination of the input signals. By adjusting the set 
of coef?cients applied to the input signals, the digital beam 
former can dynamically change the direction and content for 
any or all of the beams output by antenna array. Because of 
the directional nature of the output beams, each beam may 
reuse the same frequency spectrum. Thus, digital beamform 
ing techniques alloW a substantial increase in the number of 
mobile terminal users that may be supported over a given 
service area by a given satellite. 

[0011] In ground-based beamforming, the digital beam 
former resides in a ground station, processing its plurality of 
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input signals and outputting a set of vectors that Will produce 
the desired beams When input to an appropriate multi 
element antenna array. The output vector set is transmitted 
to a satellite, and systems on-board the satellite feed these 
vectors to such an antenna array, thereby producing the 
desired set of transmission beams for coverage of a given 
service area. Ground-based digital beamforming simpli?es 
the design of the satellite but introduces complications When 
more than one ground station, each employing ground-based 
beamforming techniques, relays signals through the same 
satellite. As noted, the system of the present invention 
provides methods and apparatus for multiple beam-forming 
ground stations to relay information through the same sat 
ellite in an advantageous manner. 

[0012] Acommunications satellite system according to the 
present invention relays information betWeen a large number 
of mobile subscribers distributed over a service region and 
a smaller number of ground stations connected to the PSTN 
or Internet. The ground stations receive signals from the 
PSTN or Internet to be relayed to the mobile subscribers via 
the satellite. The ground stations encode and modulate the 
signals and form the signals into array element drive signals 
using a beamformer. The array element drive signals are 
then multiplexed and translated to a feeder link uplink 
frequency for transmission to the satellite. More than one 
ground station transmits to the satellite in the same feeder 
link frequency band so that the satellite receives the sum of 
the overlapping ground station signals. The satellite syn 
chroniZes to knoWn signal patterns included in the ground 
station signals and transmits misalignment information to 
permit ground stations to align their timing and frequency 
references. 

[0013] The satellite receives signals from the ground sta 
tions using a feeder link receive antenna and divides the 
feeder link signals into array drive signals and synchroniZing 
signals. The synchroniZing signals are processed to derive 
the aforementioned misalignment information. The array 
drive signals are modulated to the satellite-to-mobile (i.e. 
communications doWnlink) frequency band (e.g. S-band) 
and ampli?ed by a matriX of S-band poWer ampli?ers to 
drive a multi-element transmit array so as to create multiple 
transmission beams directed to mobile subscribers in differ 
ent cells of the service region. Different ground stations 
create beams that are separated in the spatial dimension, the 
frequency dimension, or the time dimension so as to avoid 
mutual interference. 

[0014] According to the invention, all ground stations may 
transmit to the satellite in the same feeder link spectrum and 
the satellite thus receives a linearly additive combination of 
signals from all ground stations. The characteristics of each 
signal are hoWever chosen and generated at each of the 
ground stations so that the signals from the different ground 
stations translate to different S-band beams, different S-band 
frequencies, or different TDMA timeslots (or any combina 
tion of these three differences), thus avoiding interference on 
the S-band doWnlink betWeen signals originating from dif 
ferent ground stations and destined for different mobile 
subscribers. 

[0015] Conversely, signals are received at the satellite 
from mobile subscribers using a multi-element array antenna 
and after ampli?cation and ?ltering, the received signals are 
multiplexed and frequency-translated to a feeder doWnlink 
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frequency and transponded to the ground stations. The 
ground stations receive and demultipleX the multi-element 
array signals transponded from the satellite and digitiZe the 
signals for numerical processing. Numerical processing 
includes digital channeliZation to divide the signals into a 
number of frequency channels by means of digital ?ltering 
or Fourier Transformation, and digital beamforming to 
enhance signals received at the satellite from particular 
directions corresponding to subscribers lying in cells of the 
service region and served by a given ground station. The 
ground stations then decode the subscriber signals they are 
assigned to handle and couple the signals to the PSTN or 
Internet. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 illustrates a mobile satellite communica 
tions system according to an aspect of the present invention. 

[0017] FIG. 2 illustrates another mobile satellite commu 
nications system according to another aspect of the present 
invention. 

[0018] FIG. 3 illustrates the main blocks of a ground 
station for handling the tWo satellites of FIG. 2. 

[0019] FIGS. 4A and 4B illustrate coherent feeder links 
ground-based beamforming for the systems of FIGS. 1 and 
2. 

[0020] FIG. 5 illustrates a satellite feeder link receiver for 
receiving signals from a ground station of FIGS. 1 or 2. 

[0021] FIG. 6 illustrates one channel of forWard link 
poWer ampli?cation used in the satellites of FIGS. 1 or 2 to 
retransmit the signals received on the feeder uplink using a 
multi-element transmit antenna. 

[0022] FIG. 7 illustrates a satellite transponder on board 
the satellites of FIGS. 1 or 2 for receiving signals of arbitrary 
polariZation from mobile terminals using a multi-element 
reverse link antenna. 

[0023] FIG. 8 illustrates a satellite transponder on board 
the satellites of FIGS. 1 or 2 for re-transmitting to a ground 
station the dual polariZation signals received according to 
FIG. 7. 

[0024] FIG. 9 illustrates the ground station processing for 
receiving signals from the satellite transponder of FIGS. 7 
and 8 and demultipleXing the signals to obtain signals 
corresponding to different reverse link satellite receive 
antenna elements. 

[0025] FIG. 10 illustrates digital channeliZation for use 
With the systems of FIGS. 1 or 2 to divide each separated 
antenna element signal into a set of frequency channels, and 
then combining corresponding frequency channels from 
each antenna element using a per-channel digital beam 
former to separate signals received on each frequency chan 
nel by direction-of-arrival into a number of beams. 

[0026] FIG. 11 illustrates a diversity demodulator for use 
With the systems of FIGS. 1 or 2 for each channel and beam, 
for combining signals received on the same channel from the 
same mobile terminal With different polariZations and via 
different satellites to obtain polariZation-diversity and space 
diversity demodulated soft information, Which is then error 
correction decoded using an error correction decoder for 
each mobile terminal call. 



US 2004/0259497 A1 

DETATILED DESCRIPTION OF THE 
INVENTION 

[0027] FIG. 1 shows a mobile satellite communication 
system, generally indicated by the numeral 10. Mobile 
satellite communication system 10 includes a plurality of 
mobile terminals 20 that communicate via satellite 100 With 
one or more ground stations 200. Ground stations 200 enable 
mobile terminals 20 Within the mobile satellite communi 
cation system 10 to communicate With persons connected to 
terrestrial networks, such as the Public SWitched Telephone 
NetWork (PSTN) or the Internet, in the latter case possibly 
using IP routing. Signals are relayed betWeen the mobile 
terminals 20 and the PSTN (or Internet) via satellite 100 and 
ground station 200. The satellite 100 receives signals from 
the ground station 200 on the feeder uplink frequency band 
F3 and translates them to the satellite-to-mobile link fre 
quency band F1, also knoWn as the ForWard Link or the 
communications doWnlink. Conversely, the satellite 100 
receives signals from the mobile terminals 20 on the com 
munications uplink band F2, also knoWn as the Reverse 
Link, and translates them to the feeder doWnlink frequency 
band F4 for transmission to ground stations 200. 

[0028] The current invention is related to and a develop 
ment of the folloWing prior issued US. patents to Applicant: 
US. Pat. No. 5,848,060 Cellular/satellite communications 
system With improved frequency re-use; US. Pat. No. 
5,812,947 Cellular/satellite communications systems With 
improved frequency re-use; US. Pat. No. 5,642,358 Mul 
tiple beam Width phased array; US. Pat. No. 5,631,898 
Cellular/satellite communications system With improved 
frequency re-use; US. Pat. No. 5,619,503 Cellular/satellite 
communications system With improved frequency re-use; 
US. Pat. No. 5,619,210 Large phased-array communica 
tions satellite; US. Pat. No. 5,594,941 A cellular/satellite 
communications system With generation of a plurality of sets 
of intersecting antenna beams; and US. Pat. No. 5,555,257 
Cellular/satellite communications system With improved 
frequency re-use. All of the above are hereby incorporated 
by reference herein. 

[0029] As described in these references, communication 
betWeen mobile terminals 20 and the satellite 100 comprises 
dividing the service region into a number of cells, or beams, 
using a multi-element antenna array on the satellite 100 to 
form directional beams. The purpose of the directional 
beams used on the forWard and reverse links F1 and F2 is 
tWofold: (a) to increase the satellite antenna gain and thereby 
reduce the radio-frequency poWer needed to support each 
link, and (b) to enable channel frequencies in the forWard 
and reverse links F1 and F2 to be reused in different beams 
With loW probability of interference, thus conserving spec 
tral ef?ciency. As also described in the incorporated refer 
ences, maXimum frequency re-use and thereby maXimum 
spectral ef?ciency is achieved When adaptive beamforming 
is employed, alloWing effectively one beam per mobile 
terminal 20 that is optimiZed for each mobile terminal user. 
OptimiZation of each beam entails adapting a set of coeffi 
cients to maXimiZe the ratio of Wanted signal to noise plus 
unWanted signals received at each mobile terminal 20 from 
the satellite 100 and conversely to maXimiZe the quality of 
each mobile signal decoded at ground stations 200. 

[0030] Prior to the disclosures of the incorporated refer 
ences, adaptive beamforming, if used, Was only knoWn to be 
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located on board the satellite 100, Which required signi?cant 
processing equipment massing many kilograms and con 
suming many hundred Watts of electrical poWer. As such, 
beamforming in the satellite has signi?cant disadvantages. 
When practicing the art of Applicant’s herein-incorporated 
patents hoWever, the processing for adaptive beamforming 
may be transferred to the ground. 

[0031] FIG. 2 illustrates a mobile satellite communication 
system 10 for the United States. TWo satellites 100a and 
100b are used to provide good coverage of mobile terminal 
service regions from the West Coast to the East Coast, the 
satellites being designated the West Coast Satellite 100a and 
the East Coast Satellite 100b, respectively. More than one 
satellite 100 is bene?cial to alloW ground-altitude mobile 
terminals 20 to see at least one satellite 100a or 100b at high 
elevation angles and thus above nearby obstacles blocking 
the skyline, such as trees and buildings. Of course more than 
tWo geostationary satellites 100 could also be used. In 
principle, a suitably located ground station 200 can com 
municate With all satellites 100 if the site is chosen to give 
an unobstructed vieW doWn to loW elevation angles. 

[0032] As noted earlier, employing more than one ground 
station 200 imparts advantages to the satellite communica 
tions system 10. One reason is that it permits a mobile 
terminal signal to be connected to the PSTN as near as 
possible on the ground to the other party With Whom the 
mobile terminal subscriber is in communication, thereby 
potentially reducing the cost of completing the connection 
via the PSTN. A second reason for using multiple ground 
stations 200 is to permit re-use of limited feeder link 
bandWidth several times over. For eXample, four to siX 
ground stations 200 may be spaced throughout the United 
States to alloW reuse of the feeder link spectrum thereby 
improving spectral ef?ciency. 

[0033] FIG. 3 is a block diagram shoWing the main 
components of a ground station 200. Feeder link antennae 
201a, 201b are oriented toWard respective satellites 100a 
and 100b. Feeder link antennae 201a and 201b transmit 
feeder link signals to respective satellites 100a and 100b in 
the feeder uplink frequency band F3. Feeder link receive 
antennae 221a and 221b receive signals from respective 
satellites 100a and 100b in the feeder doWnlink band F4. 
Because the antennae 201a and 201b are extremely direc 
tional, the links from ground station 200 to satellites 100a 
and 100b may employ the same feeder link spectrum With 
out mutual interference. LikeWise, the use of directional 
feeder link antennae on board satellites 100a and 100b 
oriented toWard respective ground stations 200, combined 
With an adequate separation betWeen different ground sta 
tions 200 alloW the satellites 100a and 100b to discriminate 
signals in the same frequency band from different ground 
stations 200. 

[0034] The ground station 200 of FIG. 3 converts signals 
for transmission from baseband signals to feeder link signals 
on antennae 201a and 201b, and converts signals received 
on the feeder link receive antennae 221a and 221b to 
baseband signals, using suitable microWave up-converters 
and doWn-converters. The baseband signals are preferably 
numerical signals using analog-to-digital (AtoD) converters 
and digital-to-analog (DtoA) converters to convert betWeen 
analog and digital form. In the communications processor 
module 202, signals are processed using so-called layer 1 
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processing Which can include beamforming for transmit and 
receive, diversity combining, modulation and demodulation, 
error correction coding and speech transcoding. It is appro 
priate for all except the latter to be performed at the antenna 
site. Speech transcoding can advantageously be remotely 
located in a pool of speech transcoders at gateWays scattered 
around the country, the purpose of Which is to maintain loW 
bit rate speech transmission as far as possible out to the 
PSTN or Internet subscriber, and thereby reduce the landline 
transmission costs. Modulation and beamforming is further 
described in US. Pat. No. 5,909,460 entitled “Ef?cient 
apparatus for simultaneous modulation and digital beam 
forming for an antenna array”, Which is hereby incorporated 
by reference herein. 

[0035] Communications processor module 202 also sepa 
rates decoded signals into traf?c signals (speech or data) and 
signaling messages, and conversely combines signaling 
messages and traf?c signals and encodes them for transmis 
sion. Communications processor module 202 passes traf?c 
signals to an interface 204, While passing signaling mes 
sages to a signaling processor 203. 

[0036] Signaling processor 203 generates signaling mes 
sages to page mobile terminals 20 that are being called by 
another subscriber or to command mobile terminals 20 to 
change frequency, timeslot or transmit poWer level to pro 
vide optimum quality of service. Signaling processor 203 
also interprets signaling messages from the mobile terminals 
20 such as requests to place a call to another subscriber, or 
reports of signal strength measured by mobile terminals 20 
on different frequency channels (mobile assisted handover 
reports, or MAHO) alternatively reports of co-channel inter 
ference measured by mobile terminals 20 Which may be 
used for mobile-assisted beamforming 

[0037] Layer 3 messages are also associated With authen 
ticating mobile terminals 20 to exclude fraudulent attempts 
to obtain service Without paying, as further described in US. 
Pat. Nos. 5,559,886, entitled “Method of carrying out an 
authentication check betWeen a base station and a mobile 
terminal in a mobile radio system;” US. Pat. No. 5,390,245, 
entitled “Method of carrying out an authentication check 
betWeen a base station and a mobile terminal in a mobile 
radio system;” US. Pat. No. 5,282,250, entitled “Method of 
carrying out an authentication check betWeen a base station 
and a mobile terminal in a mobile radio system;” and US. 
Pat. No. 5,091,942, entitled “Authentication system for 
digital cellular communications,” all of Which are hereby 
incorporated by reference herein. 

[0038] Layer 3 messages are also used for a mobile 
terminal 20 to report a change in circumstances by means of 
a registration, re-registration, deregistration or location 
update message, Which are all various terms used under the 
general heading of “mobility management”. Mobility man 
agement encompasses the techniques by Which a mobile 
communication netWork keeps track of Where each mobile 
terminal 20 is currently located, ie which land-based cel 
lular base station, cell, satellite or satellite beam should be 
used to call a particular mobile terminal 20. The most useful 
satellite systems for cellular phone subscribers are dual 
mode systems that alloW the subscriber’s mobile terminal 20 
to operate either in the land-based cellular system or, if a 
land-based system is not available, via a satellite 100. 
Particular techniques of dual-mode mobility management 
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are further described in US. patent application Ser. No. 
08/179,958 ?led 11 Jan. 1994, entitled “Position Registra 
tion” Which is hereby incorporated by reference herein. 

[0039] Interface 204 connects the ground station 200 to 
the land netWork, such as the PSTN, Which can be accessed 
for example through a cellular operator’s Mobile SWitching 
Center (MSC), or via a Satellite SWitching Center, a Dual 
Mode Satellite/ Cellular SWitching center, or via the Internet. 
In the latter case, routing of the traf?c may employ Internet 
Protocol, i.e. IP routing. 

[0040] FIG. 4A is a block diagram of a ground station 
transmitter 210 implementing one method of maintaining 
coherency in the multiplexed array element signal conveyed 
from the ground station 200 to the satellites 100a, 100b on 
the feeder uplink F3. Baseband signals (SIGNAL 1 through 
SIGNAL N) derived from the terrestrial netWork feed into 
beamformer 211 Where they are combined to produce a set 
of beamformer output signals that Will ultimately be used in 
the satellites 100a and 100b to produce the multiple trans 
mission beams output from their multi-element antenna 
arrays. The output signals from beamformer 211 are time 
multiplexed by multiplexer 213. The multiplexed signal 
output from multiplexer 213 feeds into a quadrature modu 
lator 214 for modulation up to the feeder link uplink 
frequency F3. The pre-ampli?ed feeder uplink output from 
quadrature modulator 214 then feeds into poWer ampli?er 
215 and, from there, the ampli?ed signal is transmitted to the 
satellites 100a and 100b by antennae 201a and 201b. FIG. 
4A also depicts the feeder link receive antenna 101 found in 
satellites 100a and 100b. The signal received through the 
feeder link receive antenna 101 feeds into a feeder link 
receiver 102. The feeder link receiver 102 ?lters, ampli?es, 
doWn-converts, and demultiplexes the signal received from 
the ground station 200. The demultiplexed signals output 
from feeder link receiver 102 are based on the output signals 
from ground station 200 beamformer 211. 

[0041] FIG. 4B illustrates one method of providing a 
coherent feeder link betWeen a ground station 200 and 
satellites 100a/100b. FIG. 4B includes both ground and 
space elements. On the ground side, coherent feeder link 
block 212 contains the time multiplexer 213, quadrature 
demodulator 214, feeder link poWer ampli?er 215, and 
antennae 201a/201b. On the satellite-side, coherent feeder 
link block 212 contains feeder link receive antenna 101 and 
feeder link receiver 102. The demultiplexed output signals 
drive a poWer-ampli?er (PA) matrix array 190 comprised of 
a plurality of poWer ampli?ers 128. The PA matrix array 190 
is coupled to the multiple element antenna 180. The trans 
mission beams output from multi-element antenna 180 pro 
vide the forWard link F1 to the mobile terminals 20 in the 
service area covered by the beams. 

[0042] As described in the incorporated references, the 
outputs from PA matrix array 190 may be coupled to 
associated phased array antenna elements, forming a so 
called Direct Radiating Array (DRA), or alternatively may 
be coupled to a multiple-feed re?ector antenna, in Which 
case it is advantageous to use a Butler coupling matrix 129 
as ?rst pointed out by Welti in US. Pat. No. 3,917,998 
issued November 1975, Which patent is hereby incorporated 
by reference herein. It can also be advantageous to locate the 
feed elements out of the focal plane of the re?ector so that 
the re?ector spreads energy from each point source over 
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multiple feeds instead of focusing the energy into a single 
feed, Which deliberate defocusing has a similar effect to the 
incorporation of a Butler matrix 129, and can alloW the use 
of a Butler matrix 129 of reduced complexity and loss. The 
defocusing can be corrected by the ground station beam 
former 211. 

[0043] FIG. 5 shoWs the feeder link receiver 102 on board 
the satellites 100a, 100b. The received signal is ?ltered, 
ampli?ed and doWn-converted to the quadrature baseband 
comprising I (In phase) and Q (Quadrature) signals Which 
are then demultiplexed by quadrature demultiplexer 118 to 
separate the individual array element or PA drive signals. 
Signals received from feeder link receive antenna 101 are 
band-restricted in a feeder link band pass ?lter 103 and then 
fed to a loW-noise front-end chip 104 Which doWn-converts 
the received feeder link microWave signal to a suitable 
intermediate frequency. The front-end chip 104 may appro 
priately be fabricated in a Gallium Arsenide process and 
may include: a loW-noise preampli?er 105; an image-rejec 
tion mixer 106 comprised of quadrature mixers 107a and 
107b, both driven by quadrature local oscillator 108; an 
intermediate frequency (IF) Hilbert NetWork 109; and an IF 
buffer ampli?er 110. The front-end chip 104 may, for 
example, doWn-convert signals received in K-band (20-30 
GHZ) to a loWer IF such as 1 GHZ. IF ?lter 111 ?lters the IF 
(ie 1 GHZ) signal and imposes an exemplary bandWidth 
restriction of 208 MHZ. The exemplary 208 MHZ Wide IF 
signal centered on (exemplary) 1 GHZ may noW be handled 
by a Silicon bipolar IF chip 112 including: a gain-controlled 
AGC ampli?er 113; a quadrature doWn-converter 114 com 
prised of mixers 115a, 115b, both driven by a second 
quadrature local oscillator 116; and baseband loW-pass ?l 
ters 117a, 117b to produce the complex baseband signals I 
and Q. The second local oscillator 116 operates at a ?xed 
frequency centered in the IF bandWidth and is controlled by 
a phase lock loop (PLL) or digital frequency synthesiZer 
Which references the frequency to an accurate master crystal. 
First local oscillator 108 may hoWever be controlled simply 
by Automatic Frequency Control (AFC) from Digital Signal 
Processing (DSP) chip 119 Which determines frequency 
error of the doWn-converted I, Q signals by correlating for 
knoWn signal patterns included in the feeder uplink multi 
plexed signal. 

[0044] Each of the I and Q signals has a bandWidth equal 
to half the total 208 MHZ, and must be sampled at a Nyquist 
rate of at least tWice their 104 MHZ bandWidth-I-to avoid 
information loss. In the exemplary system for handling 
signals based on the digital cellular standard knoWn as GSM, 
Which is based on a 13 MHZ master crystal, a sampling rate 
of 16x13 MHZ=208 MHx is used. 

[0045] The tWo, 208 Megasample/sec (MS/s) streams are 
then quadrature demultiplexed in a 128-channel demulti 
plexer chip 118, yielding 128 I and 128 Q demultiplexed 
output streams of (13 MHZ)/8 or 1.625 Megasamples/sec 
each. One of these output streams, for example channel Zero, 
contains knoWn signal sequences such as 1, j, 0, 0, —1, j, —j, 
0, 1 . . . or anything agreed a priori betWeen the designers of 
the base station and of the satellite feeder link receiver 102. 
This channel is called the Sync Channel and alloWs DSP 119 
to determine, by the presence of the knoWn pattern, that sync 
has been achieved, and also to determine timing error, 
frequency error, and phase of the received feeder link signal. 
The timing error is fed back from DSP 119 to control the 
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demultiplexing clock for demultiplexer 118 until the timing 
error is acceptably loW, While the frequency/phase error is 
fed back to control ?rst local oscillator 108 until the fre 
quency error is Zero and the phase is in a desired range. The 
127 other channels of I, Q streams of 1.625 MS/s each form 
the array element drive signals for the forWard link to the 
mobile terminals 20. 

[0046] FIG. 6 shoWs one channel 120 of forWard link 
transmit poWer ampli?cation. Each one of the demultiplexed 
I, Q streams from demultiplexer 118 of FIG. 5 is input to a 
respective ampli?er channel shoWn in FIG. 6. The input I, 
Q stream is fed to a quadrature modulator or S-band up 
converter 121. Up-converter 121 comprises I and Q con 
tinuous-time ?lters, 122 and 123, to turn the sampled I, Q 
data into continuous Waveforms. The I, Q ?lters 122 and 123 
are loW pass ?lters With a cut-off less than the Nyquist 
bandWidth for the sampling rate. In this example, the I, Q 
?lter pass bandWidth is 0 to 600 kHZ for an I, Q sampling 
rate of 1.625 MS/s, Which is 35% less than the Nyquist 
bandWidth of 812.5 kHZ. This 35 % margin alloWs ?lters 122 
and 123 to be of a simpler design, at the expense of usable 
feeder link bandWidth. IF ?lter 111 shoWn in FIG. 5 Which, 
at 208 MHZ, is 35% Wider than the theoretical limit of 
128><2><600 kHZ=153.6 MHZ. The Wider feeder link band 
Width is because it must be Nyquist at the 35% over sampled 
rate to avoid inter-sample interference betWeen successively 
multiplexed samples that are intended for different antenna 
elements. 

[0047] The continuous Waveforms from ?lters 122 and 
123 modulate cosine and sine carrier signals in balanced 
modulators 124a, 124b. A common cosine, sine generator 
(not shoWn) supplies all 127 modulators so that relative 
phase coherency is preserved. The S-band cosine/sine gen 
erator can be a programmable frequency synthesiZer (PLL) 
Which locks the S-band carrier to the master crystal and may 
be programmed by tele-command from the ground if ever 
there is a desire to change the center of the 1.2 MHZ S-band 
bandWidth controlled by a particular ground station 200. The 
modulated cosine and sine carriers from balanced modula 
tors 124a, 124b are added in adder 125 to create a complex 
vector-modulated S-band signal With the complex vector 
value (I, Q) as determined in ground beamformer 211. The 
vector signal is preampli?ed in solid-state poWer ampli?er 
(SSPA) 126 that serves as a driver preampli?er, and then 
summed in summer 127 With other similar signals on 
different 1.2 MHZ Wide S-band centers from different 
instances of FIG. 5 and sets of up-converters (121) associ 
ated With different ground stations 200. 

[0048] The sum of all ground station signals from summer 
127 then drives a linear, solid-state poWer ampli?er (SSPA) 
128. The output from SSPA 128 may be ?ltered to remove 
noise at the mobile terminal uplink (reverse link) frequency 
so as to avoid potentially interfering With satellite reception, 
using a bandstop or bandpass ?lter, and then the ?ltered 
signal connects to the antenna 180 using Butler matrix 129 
in the case of a re?ector antenna, and no Butler matrix 129 
in the case of a DRA. It is desirable that each SSPA 128 
ampli?es a mixture of signals intended to be radiated in 
different directions instead of all of the signal for a single 
direction. This ensures that the SSPAs 128 comprising the 
PA block 190 are equally loaded even When the desired 
radiation in different directions is uneven. It also creates a 
“pool of transmit poWer” that can be diverted to any direc 
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tion of radiation, unlike the case of one SSPA 128 per beam 
diverted to any direction of radiation, Which is limited to the 
poWer of one SSPA 128 in each direction. 

[0049] In a DRA, each SSPA 128 and antenna element 
participates in creating each beam Without the need for a 
Butler matrix 129. HoWever, When using a re?ector antenna, 
beams are already at least part-formed by the re?ector and 
feed arrangement. Thus Butler matrix 129 is used With a 
re?ector antenna effectively to “undo” the beamforming or 
focusing effect of the re?ector such that each SSPA 128 
output signal is spread betWeen all directions. Only When all 
SSPA 128 outputs are then driven in the correct phase 
relationship are beams reformed by causing cancellation in 
some directions and reinforcement in others. Moreover, this 
evening out of the poWer pro?le across SSPA 128 outputs 
also evens out the amplitude distribution across the multi 
plexed samples on the feeder link, so that each beam is the 
result of combining many samples, thus avoiding the need 
for high amplitude samples to create poWer in one direction 
and Zero amplitude samples in directions Where radiation is 
not intended. 

[0050] Thus, unlike the above-incorporated Welti patent, 
While there is in the case of a re?ector antenna preferably a 
Butler matrix 129 betWeen the SSPAs 128 and the antenna 
feeds, there is no Butler matrix connecting the inputs of the 
SSPAs 128, as this function has been absorbed into ground 
beamforming 211 to provide the aforementioned advantages 
of evening out the dynamic range distribution across the 
feeder link samples. Moreover, it provides the advantage of 
graceful degradation in the case of failure of any channel 
from demultiplexer 118 to one of the up-converters 121 and 
an SSPA 128. This is because all beam directions can still be 
created using the remaining channels, albeit With slightly 
less precision. 

[0051] If four ground stations 200 are supported, it Will be 
realiZed that 4 sets of 127 up-converters 121 are needed on 
board each of the satellites 100a, 100b; hoWever, in modem 
silicon integrated circuit technology, as used in digital 
cellular telephones, one such up-converter 121 occupies 
only on the order of a square millimeter of chip area, so that 
it is possible to accommodate up to perhaps 16 up-convert 
ers 121 on a single chip. This reduces the number of 
up-converter chips to perhaps 4><8=32, Which is reasonable. 
Due to the fact that 127 does not divide by 16, and is in fact 
prime, further design considerations in a particular case 
might conclude that the number of antenna array element 
channels should for example be composite, such as 120=8>< 
15. This Would alloW demultiplexer 118 to be simpli?ed to 
a ?rst stage sub-multiplexer by a factor of 16 to produce 16 
demultiplexed outputs of 13 MS/s, one of Which Would 
contain sync information at this more elevated rate for DSP 
119. The other 15 channels Would be distributed using only 
15x2 Wires instead of 127><2 Wires to 15 up-converter chips 
each containing 8 up-converters 121 connected to a second 
stage demultiplexer by a factor of 8. Such an arrangement 
for reducing the number of interconnections by preserving 
an element of the feeder link time multiplexing on internal 
satellite busses Was described in above-incorporated US. 
patent to Applicant, No. 5,619,210. 

[0052] As noted earlier, one embodiment of the present 
invention is to alloW multiple ground stations to each control 
1.2 MHZ portions of the S-band spectrum in all satellite 
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transmission beam directions. FIGS. 5 and 6 illustrate this 
embodiment. An alternative embodiment alloWs multiple 
ground stations 200 to each control the entire. S-band 
spectrum but only for a subset of the satellite transmission 
beam directions. 

[0053] To achieve the latter case, a Butler matrix 129a 
Would be required on board the satellites 100a, 100b at the 
inputs of PA block 190, connecting to the SSPAs 128 to 
reform the beams so that they could be selected for control 
by different ground stations 200. In this case, it is best to 
select a cluster of adjacent beams to be controlled by one 
ground station 200 and different clusters to be controlled by 
different ground stations 200. The ground station beam 
former 211 can then, Within its cluster, ?ne-control the 
direction of radiation of any beam so as to minimiZe 
inter-beam interference Within the cluster, hoWever it no 
longer has enough degrees of freedom also to control 
interference to other neighboring clusters. Therefore it must 
refrain from using S-band channels in the cells on the border 
betWeen clusters that are used by a neighboring cluster, 
Which gives loWer spectral ef?ciency than the more prefer 
able arrangement of FIGS. 4-6. 

[0054] The reverse link from the mobile terminals 20 
corresponding to the forWard link of FIGS. 4-6 Will noW be 
described With the aid of FIGS. 7-11. FIG. 7 illustrates a 
satellite S-band receiver 130 for receiving signals from the 
multiple mobile terminals 20—also referred to as an 
“S-band transponder.”FIG. 7 shoWs optional Butler matri 
ces 131 for coupling the receive antenna feeds to loW noise 
ampli?ers (LNA) 133a, 133b. In this exemplary system, 
there are 127 ?lter/LNA blocks. The use of a Butler matrix 
131 for reception is optional, but has the same bene?ts of 
providing a graceful degradation in the event of failure as for 
the forWard link direction, as Well as distributing each 
received signal over all feeder doWnlink samples. FIG. 7 
illustrates, among other things, a dual-polariZation receive 
capability, Where received signals using one polariZation are 
processed in components suf?xed “a” While signals of the 
other polariZation are processed in components suf?xed “b”. 
Each receive antenna feed is thus postulated to be a dual 
polariZation feed receiving, for example, right and left-hand 
circular polariZation respectively—RHC and LHC. All the 
RHC feeds Would be connected via one Butler matrix 131a, 
if a Butler matrix is indeed used, While all the LHC feeds 
Would be connected via Butler matrix 131b, again, if a 
Butler matrix is used. Thus different antenna elements 
Within the array may receive differently polariZed signals 
and provide them to the matrices 131a and 131b as needed 
or desired. 

[0055] The received signals from the antenna feeds couple 
through optional receive Butler matrices 131a, 131b to 
receive bandpass ?lters 132a, 132b Which reject the very 
large interfering signal from the satellite’s oWn forWard link 
transmissions from the SSPAs 128. (This is illustrated in the 
inset box of FIG. 7.) The received forWard link signals are 
then ampli?ed in loW-noise ampli?ers (LNA) 133a, 133b 
and then doWn-converted to a suitable intermediate fre 
quency using image rejection doWn-converters 134a, 134b. 
All 127 channels of dual-polariZation and doWn-conversion 
share the same cosine and sine local oscillators so as to 
preserve constant relative phase and amplitude betWeen the 
output IF signals. IF ?lters 135a and 135b impose the IF 



US 2004/0259497 A1 

bandwidth on their output IF signals, the IF bandwidth being 
the bandWidth allocated to the satellite system. 

[0056] In the exemplary system, a total of 9.6 MHZ is 
divided into 4.8 MHZ allocated for transmission by a ?rst 
satellite 100a and 4.8 MHZ for a second satellite 100b. Due 
to the geometric distortion of the earth’s curvature, it is 
dif?cult for tWo satellites 100 in different locations to cover 
a service region With identically shaped transmission beams. 
Therefore, it is necessary to keep the satellite transmissions 
orthogonal in frequency to avoid the need for such dif?cult 
beam coordination. On the other hand, in the reverse link 
direction, it is useful for all satellites 100 to receive all 
mobile terminal signals, thus each satellite 100 receives and 
transponds the entire 9.6 MHZ bandWidth to the ground 
stations 200. 

[0057] The band-pass ?ltered IF signals are IF ampli?ed 
and quadrature doWn-converted to the complex baseband (I, 
Q) in IF ampli?ers 136a, 136b. Assuming four ground 
stations 200, the 9.6 MHZ bandWidth may then be decimated 
into eight, 1.2 MHZ bandWidths, Which can be numbered B1, 
B2 . . . B8. B1, B2, B3, B4 correspond to the 4.8 MHZ served 
by transmissions from a ?rst satellite 100a under the control 
of the four ground stations (200) 1, 2, 3 and 4. B5, B6, B7, 
B8 correspond to the 4.8 MHZ served by transmissions from 
a second satellite 100b also controlled by ground stations 
(200) 1, 2, 3 and 4. Therefore, in the receive direction, 
sub-bands B1 and B5 shall be transponded to ground station 
1; sub-bands B2 and B6 to ground station 2, sub-bands B3 
and B7 to ground station 3 and sub-bands B4 and B8 to 
ground station 4. Thus the 9.6 MHZ bandWidth is split into 
eight, 1.2 MHZ sub-bands using for example digital FIR 
?lters 137a, 137b. Dedicated digital circuits that implement 
a single FIR ?lter may be made very compact and ef?cient, 
and the eight ?lters for the RHC channel plus the eight ?lters 
for the LHC channel can, using today’s CMOS logic, easily 
be accommodated on a single chip. Thus, 127 such chips 
Would be needed, one for each dual-polariZation channel. 

[0058] The digital ?lters 137a, 137b each output 1.625 
MS/s of I and Q signals, corresponding to the 1.2 MHZ 
bandWidth, sampled 35% over Nyquist. The 127 I, Q sample 
streams corresponding to the same 1.2 MHZ bandWidth from 
all 127 antenna elements are then passed to a feeder link 
transmitter 140—also knoWn as a “feeder doWnlink tran 
sponder”—illustrated in FIG. 8. Note that because signals 
are received from the mobile terminals 20 on a dual polar 
iZation, FIG. 8 illustrates tWo transponder channels support 
ing the dual polariZation and the exemplary system Will have 
such a dual-channel transponder per ground station. Refer 
ring noW to FIG. 8, the 127 I, Q sample streams are 
collected at the time-multiplexer 141a corresponding to the 
RHC polariZation signals and 141b corresponding to the 
LHC polariZation signals. Each time-multiplexer 141a, 141b 
multiplexes the 127 antenna element signals of a corre 
sponding polariZation and sub-band With a knoWn sample 
stream for sync purposes to form a 128-Way multiplex at 
128><1.625 MS/s=208 MS/s of I and Q. If digital ?lters are 
used for band-decimation ?lters 137a, 137b in FIG. 7, there 
is an option to use digital multiplexing for multiplexers 141a 
and 141b folloWed by high-speed DtoA conversion; alter 
natively, each band-decimation ?lter can use DtoA conver 
sion at the 1.625 MHZ rate, in Which case multiplexers 141a, 
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141b Would be analog multiplexers. Either solution is Well 
Within the current state of the art of digital logic and DtoA 
conversion. 

[0059] The high sample rate multiplexed streams from 
multiplexers 141a, 141b are then converted to continuous 
Waveforms by means of loW pass ?lters 143a, 143b, 144a, 
and 144b for respectively the I and Q signals of the RHC and 
LHC channels. The RHC ?ltered I,Q Waveforms are then 
quadrature modulated using quadrature modulator 145a, 
145b using suitable cosine and sine IF carrier signals. 
Quadrature modulators 145a, 145b comprise quadrature 
mixers 146a, 146b, 147a, 147b, and adders 148a, 148b. It is 
simpler to construct high ?delity quadrature modulators at a 
loWer, intermediate frequency than directly at the K-band 
feeder link frequency, hoWever if suitable direct K-band 
modulators Were developed, this Would be a simplifying 
option. FIG. 8 assumes IF modulation folloWed by up 
conversion of the IF signal to the feeder link frequency using 
up-converter 150a for RHC and 150b for LHC. 

[0060] At some point in the chain, appropriately either 
before or after up-conversion, a second similar signal cor 
responding to the other 1.2 MHZ sub-band that shall be 
transponded to the same ground station 200 shall be added, 
using a different 208 MHZ bandWidth IF center frequency (in 
the case of addition prior to K-band up-conversion) or a 
different K-band up-conversion local oscillator in the case of 
addition after up-conversion to K-band. In either case, the 
sum of the tWo 1.2 MHZ sub-bands is ampli?ed by K-band 
transmitter 151a for RHC, typically a traveling Wave tube, 
although solid-state devices are coming Within the range of 
current technology, and 151b for LHC. The signals received 
With RHC on the reverse link and processed in the RHC 
channel components suf?xed “a” are then transmitted by 
RHC polariZation from the feeder link antenna 152 While the 
LHC received signals are transponded using the LHC port of 
dual-polariZation feeder link transmit antenna 152. Thus, 
any signal polariZation received on the S-band uplink 
(reverse link) is preserved in the feeder doWnlink signal (F4) 
to all polariZation diversity combinations on the ground. 

[0061] It is possible that a different allocation of band 
Width to the tWo satellites 100a and 100b of FIG. 2 could be 
used to simplify the transponder of FIGS. 7 and 8. If, 
instead of allocating a ?rst contiguous 4.8 MHZ to one 
satellite 100a and a second contiguous 4.8 MHZ to a second 
satellite 100a, even-numbered 1.2 MHZ sub-bands are allo 
cated to the ?rst satellite 100a and odd-numbered sub-bands 
to the second satellite 100b, then it becomes tWo adjacent 
sub-bands B1, B2 that have to be transponded by the reverse 
link transponder to the same ground station 200, instead of 
tWo non-adjacent bands such as B1, B5. This alloWs the tWo 
1.2 MHZ sub-bands to be treated as one 2.4 MHZ sub-band, 
the decimation ?lters 137a and 137b then only splitting the 
total 9.6 MHZ band into four, 2.4 MHZ sub-bands, thus 
halving the number of ?lters required. LikeWise, FIG. 8 
Would be modi?ed to shoW multiplexing of 128, 3.25 MS/s 
I,Q streams instead of 1.625 MS/s streams to obtain a single 
416 MHZ Wide K-band feeder doWnlink transmission 
instead of tWo, 208 MHZ bandWidth feeder link transmis 
sions, and only one feeder link transponder of FIG. 8 Would 
be needed instead of tWo. This arrangement hoWever 
assumes that the entire 9.6 MHZ bandWidth is available from 
the beginning, Which hoWever may not be hoW regulatory 
authorities assign spectrum to satellite systems. Especially 
















